During the last few years the Tevatron has dramatically improved the bounds on rare B-meson decays into two leptons. In the case of B 0 s → µ + µ − , the current bound is only ten times greater than the Standard Model expectation. Sensitivity to this decay is one of the benchmark goals for LHCb performance and physics. The Higgs penguin dominates this rate in the region of large tan β of the MSSM. This is not necessarily the case in the region of low tan β, since box and Zpenguin diagrams may contribute at a comparable rate. In this article, we compute the complete one-loop MSSM contribution to B 0 s,d → ℓ + ℓ ′− for ℓ, ℓ ′ = e, µ. We study the predictions for general values of tan β with arbitrary flavour mixing parameters. We discuss the possibility of both enhancing and suppressing the branching ratios relative to their Standard Model expectations. In particular, we find that there are "cancellation regions" in parameter space where the branching ratio is suppressed well below the Standard Model expectation, making it effectively invisible to the LHC.
Introduction
One of the most promising signals for new physics at the LHC is the rare decay B 0
This decay is suppressed as a loop-level flavour-changing neutral current and by a lepton mass insertion required for the final state muon helicities. The LHC will be the first experiment to be able to probe this decay channel all the way down to its Standard Model (SM) branching ratio. The decay is especially 'clean' because its final state is easily tagged and its only hadronic uncertainties come from the hadronic decay constant f Bs . Further, enhancements to this branching ratio by new physics can be resolved with only a few inverse femtobarns of data, making this an exciting channel for beyond the standard model searches in the first few years of LHC operation.
The current experimental status and the Standard Model predictions for the branching ratios B(B 0 s,d → ℓ + ℓ ′− ) to leading order in QCD are displayed in Table 1 . This is the updated version of the Table 1 presented in the review of Ref. [1] . Further reviews can be found in Ref. [2] . [6] and Higgs penguin contributions in Ref. [7] .
Their analysis can be generalised to include lepton flavour-violating decays with the final state µ + e − which are not measurable within the SM extended with see-saw neutrino masses.
The error in the SM predictions for the B s,d branching ratios originates primarily from the uncertainties in the decay constants [8] , and in the top-strange and top-down elements of the Cabibbo-Kobayashi-Maskawa (CKM) matrix [9] , |V ts | = 0.0406 ± 0.0027 , |V td | = 0.0074 ± 0.0008 .
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The dimuon decay of B 0 s is of particular interest to experimentalists because it is a benchmark process for LHCb physics and performance. The LHCb will be able to directly probe the SM predictions for this rare decay mode at 3σ (5σ) significance with 2 fb −1 (6 fb −1 ) of data, or after about one year (three years) of design luminosity [10] . In addition, the general purpose detectors ATLAS and CMS will also be able to reconstruct the B where M A is the CP -odd Higgs mass. Thus in the large tan β regime this branching ratio can be significantly enhanced over the Standard Model expectation. This has been discussed extensively in Refs. [1, [12] [13] [14] [15] . The large tan β regime is preferred, for example, by supersymmetric SO(10) grand unified models. Further, the currently observed excess in the anomalous magnetic moment of the muon (g−2) µ [16] implies an additional enhancement in B(B 0 s → µ + µ − ) in certain supergravity scenarios [17] . A field theoretic study of this decay in the large tan β limit focusing on the resummation of tan β was conducted in Ref. [18] [19] [20] [21] .
Thus far, however, the published analyses have focused primarily on the large tan β is important to undertake a full, general calculation of this branching ratio without a priori assumptions on the pattern of squark and slepton flavour mixing or electroweak symmetry breaking. In particular, in the region of low tan β, the effects of box and Zpenguin diagrams could be of the same order as the tan β-enhanced Higgs penguins. The interference of these terms could conceivably lead to a cancellation that would suppress the branching ratio below the SM prediction. This region of parameter space has not yet been thoroughly investigated. This paper fills the gap in the literature on the low tan β properties of these decay modes.
If the branching ratio is significantly enhanced by new physics, it may even be visible at the Tevatron. Alternately, if it is significantly suppressed by new physics, it may be 
The general calculation is presented in the appendix and the code used in our numerical analysis is available to the public 2 .
Effective Operators and Branching Ratios
There are ten effective operators governing the dynamics of the quarks-to-leptons transition
Hamiltonian reads:
where flavour and colour indices have been suppressed for brevity. The (V)ector, (S)calar and (T)ensor operators are respectively given by
We follow the PDG conventions for the quark content of the B 0 -mesons, B 
The explicit forms of the Wilson coefficients for the MSSM are calculated at the electroweak scale, Q = M W . These are given in the appendix. The contributions to these 1 Predictions of MSSM for B → µ τ or B → µ e at large tan β have been investigated in Ref. [22] . 2 In order to obtain the Fortran code, please send e-mail to janusz.rosiek@fuw.edu.pl coefficients can be classified into Z-penguins, Higgs-penguins and box diagrams, shown in Fig. 1 . The photon penguin contribution B 0 s → ℓ + ℓ ′− vanishes in matrix element calculations due to the Ward identity. We do not consider the very large tan β scenario (tan β > ∼ 30), since in this region our calculation has nothing to add to the current literature (see previous section for references). Thus no resummation of higher orders in tan β is necessary and all formulae given in the appendix are strictly one-loop.
We now focus on the decay B 
2) from ten to eight. The matrix element is therefore 5) where the ℓs correspond to external lepton spinors, e.g.
The momenta are assigned as in Fig. 1 . The (S)calar, (P)seudoscalar, (V)ector and (A)xial-vector form factors in Eq. (2.5) are given by
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It is now straightforward to square the matrix element in Eq. (2.5), and determine the branching ratio for the decay B 0
where τ Bs is the lifetime of B s meson, and 13) with b 0 = 11 − 2n f /3 with n f = 5. Since our calculation for the SUSY corrections is performed in the DR renormalization scheme [26] , our initial conditions for parameters must be converted into this scheme. Eqs. (2.12) and (2.13) contain the appropriate MS −→ DR conversion factors [27] . Similar conversions for gauge couplings is small and is ignored in our numerical results.
We have included the general decays of Eq. (2.10) in our numerical code. Due to small branching ratios, however, it is unlikely that we will observe lepton flavour violating B-meson decays at moderate or small values of tan β and so we will not consider these processes in the remainder of this paper. For the lepton flavour conserving decays ℓ K = ℓ L = µ and the squared amplitude in Eq. (2.11) takes the form
where we have also taken the limit m µ /M Bq → 0. We may distinguish two possible scenarios for the relative size of the MSSM contributions to the right-hand side of Eq. (3.1):
1. Higgs penguin domination or large tan β > ∼ 10
In this large tan β regime one can usually expect an enhancement of the branching ratios as in Eq. (1.3). This case has been thoroughly investigated in the literature, although mostly in the limit of minimal flavour violation and vanishing intergenerational squark mixing. In such case it turns out that |F S | ≈ |F P | ≫ 2m ℓ |F A | because of tan 2 β enhancements. Although this is the standard situation for large tan β, it is not general since a kind of Glashow -Iliopoulos -Maiani (GIM) cancellation mechanism may result in F SUSY S,P ≈ 0 [18, 21] , thus making the box and Z-penguin diagrams phenomenologically relevant.
2. Comparable Box, Z-penguin and Higgs penguin contributions or low tan β < ∼ 10
In this low tan β case the supersymmetric Higgs-mediated form factors F S,P are suppressed and become comparable to or even smaller than F A . Thus the full one-loop corrections to the amplitude are needed. These are presented in the appendix. In this case either an enhancement or a suppression of the branching ratios is possible depending on the particular choice of MSSM parameters.
Barring accidental cancellations, an enhancement of the branching ratios can come from any of the contributions in Fig. 1 . On the other hand, it is a bit trickier to suppress the branching ratios below their Standard Model predictions as this requires a cancellation between various terms. This is the case we would like to investigate further.
We would like to find the minima of
e. the minima of Eq. (3.1). We distinguish between two cases:
In the first case, Eq. (3.2), the pseudoscalar and axial contributions cancel while the scalar contribution is negligible. This can be realized, for example, in models where the MSSM is extended with an additional, light, CP -odd Higgs boson. Ref. [28] shows that this can occur even in the minimal flavour violating limit of such a model. Such cancellations, however, can also take place in the general MSSM when left-and right-handed squarks mix in the strange and charm sectors. Furthrmore, it has been pointed out in Ref. [29] , that 
Numerical setup
To quantitatively study the effects mentioned in the previous section, we perform a scan over the MSSM parameter space. The ranges of variation over MSSM parameters are shown in Table 2 . Because our numerical analysis is based on the general calculation presented in the previous section, we are not restricted to particular values of tan β or the MFV scenario. Flavour violation is parameterised by the "mass insertions", defined as in [30, 31] ,
As before, I, J denote quark flavours, X, Y denote superfield chirality, and Q indicates either the up or down quark superfield sector.
To realistically estimate the allowed range for B(B constraints have been calculated in the framework of the general MSSM using a standard set of conventions [19, [31] [32] [33] [34] [35] [36] . We have used the library of numerical codes developed in those studies to bound the MSSM parameter space based on the set of observables listed in Table 3 ; no further bounds (e.g. dark matter, electroweak observables, etc.) are imposed other than those listed.
For all the quantities in Table 3 for which the experimental result and its error are known, we require
For the quantities for which only the upper bound is known, we require
The first and second terms on the right-hand side of Eq. (3.5) represent the 3σ experimental error and the theoretical error respectively. The latter differs from quantity to quantity and is usually smaller than the value q = 50% which we assume generically in all calculations. Apart from the theoretical errors that come from uncertainties in the QCD evolution and hadronic matrix elements, one must also take into account the limited density of a numerical scan. In principle, with a very dense scan and sufficient computing time, it should be possible to find SUSY parameters that fulfill Eq. (3.5) within the calculation's "true" theoretical errors. This, however, may not be necessary and may even be undesirable. Our goal is to find "generic" values for the branching ratio
i.e. values allowed by fairly wide ranges of SUSY parameters without strong fine tuning or the need to resort to special points in parameter space where "miraculous" cancellations evade experimental bounds. In our scan we thus use wide "theoretical" errors assuming that this procedure faithfully represents the ranges of the MSSM parameters. If necessary the exact values of parameters fulfilling the bound in Eq. (3.5) with smaller q can be found.
A more detailed discussion of the problems associated with scanning over multidimensional MSSM parameter space can be found in [36] . 
Electron EDM < 0.07 · 10
Neutron EDM < 0.63 · 10 Table 3 and including the bounds described in the previous section. The upper bound set by CDF in Table 1 , depicted as a solid red line, can be attained even with very low values of tan β. We focus on the lower limit of the branching ratio and therefore restrict to the region of parameter space where tan β < ∼ 30. In this way we also avoid the technical complications connected with the resummation of higher order terms, discussed in Refs. [18] [19] [20] [21] . We vary δ 
where all masses are in GeV. 
Predictions for B(B
We present the corresponding MSSM predictions for B( Fig. 4 Table 2 . Some sequences of points disappear due to the experimental constraints given in Table 3 .
Note that varying δ 
the MSSM can enhance this ratio by a factor of ten even for small values of δ . This observation has been already discussed in the literature [24] in the leading tan β approximation. On the other hand MSSM can further reduce the ratio in the 'LL' case by an order of magnitude due to the aforementioned cancellations in
Conclusions
We have presented a complete, one-loop calculation of the branching ratios for the rare decay modes B Ref. [45] , the notation of which we use consistently in this appendix.
Appendix A.1 Loop Integrals
Here we collect the analytic forms of the relevant loop integrals for this work. The two-point loop integral B 1 is defined as:
The explicit formula for the 2-point loop integral B 1 at vanishing external momentum is:
where C 2 (x, y, y) is given in eq. (A.17).
The 3-and 4-point loop integrals at vanishing external momenta are defined as:
.
(A.14)
The explicit formulae are listed below (we give also expressions for some 3-point functions proportional to higher momenta powers, useful in Higgs-penguin calculations):
where the divergent piece ∆ = 2 d−4 + log(4π)γ E − 1 and µ is the renormalisation scale.
Appendix A.2 Feynman Rules
We use the following generic Feynman rules for the calculations below (V µ , S a and f j are generic vector bosons, scalars and fermions, respectively):
Explicit formulae for the generic couplings can be inserted from [45] . In our calculations, V can be Z or 
Appendix A.3 Box Diagram Contribution
Box contributions to the Wilson coefficients are denoted by B IJKL ZXY . Z labels the operator type, Z = S, V, T for scalar, vector or tensor, respectively. X and Y label the handedness, X, Y ∈ {L, R}. I, J and K, L are quark and lepton generation indices, as described at the beginning of the appendix. Here and in the following sections, we strictly follow the notation of [45] , where expressions for all mixing matrices, vertices and other symbols used can be found. Appendix A.4 Z-penguins
The expression below is valid only for the flavour violating case I = J since, in order to simplify the formulae, we have dropped some terms appearing only for I = J.
Appendix A.5 Higgs penguins F HX and F AX denote the CP -even and CP -odd one-loop triangle-diagram contributions to the X-handed
expressions are listed below -please note that the explicit factor of "i" in the CP -odd higgs form factors is superficial and comes from the definition of vertices in Appendix A.2. For the CP -odd Higgs, the relevant vertices defined in this way are, for real Lagrangian parameters, purely imaginary so that iV is a real number. 
